Introduction
Developing renewable energy technology is significant to realize low-carbon society. Especially, the development of solar cells is expected to transform the huge solar energy into electric power [1, 2] . The analysis technique for its development and manufacture has been also expected [3] . Non-contact measurement system has also been proposed to measure magnetic field from a solar cell using a Superconducting Quantum Interference Device (SQUID) [4] . These methods utilize continuous light and cannot analyze dynamic motion of electric power generation of a solar cell.
Various proposals using THz Time-Domain Spectroscopy (THz-TDS) have been performed in the semiconductor research field [5] . Laser Terahertz Emission Microscopy (LTEM) acquires an image of the THz emission on a sample by scanning it with femtosecond laser pulses. The distribution of local photoexcited current can be visualized [6, 7] .
In this paper, we report on the results of the detection of THz waves generated from the multicrystalline silicon solar cell excited by femtosecond laser pulses and imaging the amplitude of THz waves, which reflect the instantaneous and local electric power generation [8, 9] . Moreover, we observed the decrease of intensity of THz radiation by CW laser illumination.
Results
A solar cell is usually composed of large-area p-n junction of silicon which is called photodiode. The photoexcited carriers are generated by irradiating the solar cell with femtosecond laser pulses. This phenomenon includes the information of instantaneous electric power generation to the solar cell. The dynamic behaviors of the photoexcited carriers generated by the illumination of femtosecond laser pulses to the solar cell can be estimated by measuring THz emission. Fig. 1 shows a schematic of the experimental set-up. A modelocked Ti:sapphire laser produces the pulses ( width: 100fs, center wavelength: 800nm, repetition rate: 80MHz). The laser pulses were split into pump pulses and the trigger pulses, and the pump pulses were focused onto the solar cell at the incidence angle of 45 degrees. The spot size of the laser is 50 μm in diameter. A CW laser (wavelength : 365nm, spot size: 10mm) focused on the same region of the solar cell. The THz wave from the solar cell is radiated into free space and focused onto a spiral type photoconductive antenna by a pair of off-axis paraboloidal mirrors. The trigger pulses were focused on the gap of the photoconductive antenna through an optical delay. By fixing the time delay at the maximum amplitude of the THz emission, images are acquired by moving the solar cell mounted on a computer-controlled x-y stage.
The time-domain waveforms of THz emissions from the solar cell at various reverse bias voltages are shown in Fig.  2 . A measurement point is the vicinity of the thick portion of an interdigital electrode structure (bus bar electrode). THz intensity increases with increase in the reverse bias voltages.
An optical image and an imaging of the amplitude of THz wave emitted from the solar cell are shown in Fig. 3 and Fig. 4 , respectively. Since the external electric field of reverse bias is applied, the THz intensity located near an electrode is high. The amplitude distribution clearly relates to the form of a granular crystal. Fig.5 shows the time-domain waveforms of THz emissions from the solar cell at various CW laser intensity. THz intensity decreases with increase in CW laser intensity.
The method can measure changes of electric state and investigate the carrier dynamics, e. g. generation, transport and recombination of the photoexcited carriers of a solar cell, as a waveform of THz waves. Fig. 1 Schematic of the experimental set- up   -1 0 1 7 -E x t e n d e d A b s t r a c t s o f t h e 2 0 1 2 I n t e r n a t i o n a l C o n f e r e n c e o n S o l i d S t a t e D e v i c e s a n d M a t e r i a l s , K y o t o , 2 0 1 2 , p p 1 0 1 7 -1 0 1 8   H -5 -3 
Conclusions
The technology of the LTEM has been applied to solar cell measurement. We have succeeded in detecting and imaging the THz wave generated from the solar cell. We also observed decreasing of THz intensity by CW laser illumination. This technique enables to visualize the intransient local electric power in the solar cell, and will develop to be effective analysis methods to improve the energy conversion efficiency. We hope that the proposed technique encourages the solar cell, research and development as an analysis technique. 
